IP3Rs are phosphorylated by cyclic-AMP dependent protein kinase A (PKA) (1-7), nonreceptor protein tyrosine kinases in the Src family (8, 9) , protein kinase C (10), Ca 2+ /calmodulin-dependent protein kinase II (10), nitric oxide (NO)/cyclic-GMPdependent protein kinase (11, 12) and is autophosphorylated (13).
PKA phosphorylates IP3R1 at serines 1589 and 1755. The neuronal type IP3R1, defined by inclusion of an alternatively spliced 40 amino acid exon located between the two PKA phosphorylation sites is preferentially phosphorylated at S1755 whereas the peripheral IP3R1 is more phosphorylated on S1589. IP3R2 and IP3R3 lack these consensus PKA phosphorylation sites, although they do contain other putative PKA phosphorylation sites. 
Results

IP3R1
immunoprecipitated from rat brain was PKA phosphorylated in in vitro kinasing reactions (Fig. 1) . To confirm the identity of the PKA phosphorylated high molecular weight protein as IP3R1 the phosphorylated band was immunoblotted with anti-IP3R1
antibody. The specificity of the phosphorylation was demonstrated using a PKA inhibitor (PKI, Fig. 1 ). Addition of phosphorylation buffer including cAMP without exogenous PKA also resulted in phosphorylation of IP3R1 that was inhibited by PKI indicating that endogenous PKA was associated with IP3R1 ( Fig. 1 ).
IP3R1 was co-immunoprecipitated from rat brain with the catalytic subunit of PKA (Fig.   2 ). IP3R1 also co-immunoprecipitated with two of the major protein phosphatases in cardiac muscle are protein phosphatase 2A (PP2A), protein phosphatase 1 (PP1) (Fig. 3 ).
These data are consistent with a high molecular weight complex comprised of IP3R1, PKA, PP1, and PP2A.
The phosphatase inhibitor microcystin binds to PP1 and PP2A. IP3R1 was sedimented by binding to microcystin-sepharose beads and the specificity of this interaction was demonstrated by competing off IP3R1 using free microcystin-LR (Fig. 4) . IP3R1 was also sedimented using cAMP-sepharose beads that bind to the regulatory subunit of PKA (RII) (Fig. 4A ). The specificity of this reaction was demonstrated by competing off IP3R1 using excess RII ( 
Discussion
In the present study we show that neuronal IP3R1 is a macromolecular complex that includes PKA, PP1 and PP2A. There are two PKA phosphorylation sites on IP3R1, serines 1589 and 1755 (1,2,5). Serine 1755 is the predominant PKA phosphorylation site in brain (7). In non-neuronal tissues alternative splicing results in deletion of a 40 amino acid exon (1) that effects PKA phosphorylation of the channel resulting in preferential phosphorylation of serine 1589 in some tissues (1) . The data presented in this study suggest that the phosphorylation of one or both of these sites is regulated by components of the IP3R1 macromolecular complex in a manner similar to that previously shown for the closely related channels, the type 1 and type 2 ryanodine receptors (RyR1 and RyR2)
in skeletal and cardiac muscle (17, 18) and for the voltage-gated potassium channel KCNQ1 (20) and the voltage-gated calcium channel (21) . Therefore, the IP3R1 can be added to the list of ion channels that comprise macromolecular complexes designed to modulate channel activity in response to stimulation of adrenergic signaling pathways that reflect sympathetic nervous system activity.
In the present study we also show that IP3R1 channels in planar lipid bilayers can be activated by PKA phosphorylation (Fig. 5 ). These data suggest that PKA phosphorylation of IP3R1 provides a mechanism for increasing channel activity, although extension of the in vitro studies presented in this paper to in vivo conditions may not apply to all The finding that the IP3R1 macromolecular complex includes PKA, PP1 and PP2A
points to the similarities between this complex and that of the closely related channels RyR1 and RyR2 (18) . We previously showed that the RyR1 and RyR2 macromolecular complexes involve targeting of kinases and phosphatases to the channels via targeting proteins (18) . Interestingly, we showed that these targeting proteins contain leucine/isoleucine zippers (LIZs) that specifically bind to LIZs on the RyRs (18). These
LIZs are highly conserved between RyR isoforms and through evolution (18) . Moreover, the role of LIZs in the formation of ion channel macromolecular complexes is also present in voltage-gated channels including the potassium channel KCNQ1 (20) .
We have identified three LIZ motifs that are highly conserved between IP3R isoforms.
Based on the analogy to the RyR system we would expect that these putative LIZs may form binding sites for targeting proteins that direct PKA, PP1 and PP2A to IP3Rs. We are currently performing yeast two-hybrid assays to identify potential targeting proteins.
Only one of the three putative LIZs shares homology with one of the RyR LIZs, this sequence is homologous to the mAKAP binding site on RyR2. The IP3R1 macromolecular complex includes additional proteins beyond those described in the present study. These include: 1) calmodulin (27) , 2) Homer (28), 3) calhendrin (29) , and 4) FKBP12 and calcineurin (24,30,31) (although there are conflicting reports (32) (33) (34) ). Moreover, it is highly likely that additional components of the IP3R1 macromolecular complex will be added to this growing list.
In the present study we have shown using two independent methods (coimmunoprecipitation and cAMP-sepharose and microcystin-sepharose pull downs) that IP3R1 is a macromolecular complex that includes PKA, PP1 and PP2A. We have also Samples were heated to 95 o C, size-fractionated on 6% SDS-PAGE, and IP3R radioactivity was assessed with autoradiography. Microcystin-sepharose (35 µl, UBI) was used to isolate IP3R from 200 µg of rat brain ER by incubating at 4 o C for 4 hrs followed by washing with modified RIPA buffer. Beads were resuspended in 6X SDS loading buffer and boiled. The supernatant was size fractionated on SDS-PAGE. PP1
and PP2A bound to the microcystin-sepharose beads were competed off with free microcystin-LR (Calbiochem). The samples were washed three times with 1 ml RIPA buffer. Beads were resuspended in 6X loading buffer and boiled. The samples were size fractionated on either a 6% or 12% SDS-PAGE gel.
Immunoblots were performed as described (9,35) using anti-PP1 (1:1000), anti-PKAc
(1:1000 Transduction Labs Lexington, KY), anti-IP3R1 (9, 35) . After washing in TBS + 0.1% Tween 20 for one hour, the blots were incubated with peroxidase conjugated goat anti-mouse or goat anti-rabbit (1:3000 Santa Cruz Biotechnology). After washing in TBS + 0.1% Tween 20 for one hour, the blots were developed using ECL (Amersham).
Single channel recordings
Rat brain ER membranes (1 mg/ml) were fused with a black lipid membrane (BLM) in a chamber similar to that described by Miller (36) . Membranes were formed as described below across a hole in a partition between two chambers. After membrane formation, vesicles were added to the one chamber (designated cis) where they fused to the 
